Automotive radiators manufactured by the electroforming process by Clark, John A. (John Alden) et al.
T H E  U N I V E R S I T Y  O F  M I C H I G A N  
COLLEGE OF ENGINEERING 
Department of Mechanical Engineering 
Heat Transfer  Laboratory 
F i n a l  Report 
AUTOMOTIVE RADIATORS MANUFACTURED BY THE EUCTROFORMING PROCESS 
\ 
i 
$'-,l J. A ,  Clark  
'  lar re nee A. S i e b e r t  
' ~ o b e r t  B. Ke l l e r  
'' Michael Borden 
~ o C . . H b o  
- .  
. . 
' . * 
ORA P r o j e c t  05335 
under con t r ac t  wi th :  
INTERNATIONAL COPPER RESEARCH ASSOCIATION, INC . 
NEW YORK, NEW YORK 
administered through: 
OFFICE OF RESEARCH ADMINISTRATION ANN ARBOR 
December 1964 






2 .  RFSULTS, CONCLUSIONS, AND FECOMMENDATIOMS 
3. HEAT EXCHANGER DESIGN SELECTION AND TESTING 
4. RFSULTS 
APPENDIX A .  HEAT EXCHANGER ANALYSIS 
1. Analysis  
2. Reference Heat Exchanger and Reference Conditions 
3. Heat Exchanger Matr ices  S tud ie s  
4 .  Heat T rans fe r  and F r i c t i o n  Data 
5 .  Resul t s  and Conclusions 
APPENDIX B .  RADIATOR HEAT TRANSFER PERFORMANCE TEST APPARATUS 
In t roduc t ion  
Heat Transfer  Apparatus 
Ins t rumenta t iop  f o r  Heat T rans fe r  Apparatus 
Wind Tunnel 
Ins  trwnent a t  i on  f o r  Wind Tunnel 
Wind Tunnel Development Tes t s  
6 " 1  Bypass Performance 
6 .2  Tes t  Sec t ion  Veloc i ty  D i s t r i b u t i o n  
Operat ing Experience and Procedures 
7 .1  Radiator  I n s t a l l a t i o n  
7.2 S t a b i l i z a t i o n  of Radiator  Water I n l e t  Temperature 
7.3 Typica l  Operat ing Procedure 
APPENDIX C . METALLURGICAL STUDES 
1. L i t e r a t u r e  Survey of Solders  
1,1 Tens i l e  and Shear S t r eng ths  
1 . 2  Creep P rope r t i e s  
1 , 3  Fa t igue  P r o p e r t i e s  
1 . 4  Swnmary 
TABU OF COJ!JTETJTS (concluded)  
2 L i t e r a t u r e  Survey of t h e  Mechanical and Phys ica l  P rope r t i e s  
of Electroformed Copper 40 
2 Summary 50 
3 Tens i l e  and Fa t igue  Tes t  on Electroformed Copper 50 
3 . 1  Conclusions 54 
APPENDIX D .  ELECTROFORMING PROCEDURES FOR HECAT EXCHANGER FABRICATION 5 5 





t o t a l  hea t  t r a n s f e r  a r e a  on one s i d e ,  f t 2  
minimum a i r  s i d e  f r e e  flow a r e a ,  f t 2  
t o t a l  f r o n t a l  a r e a  a i r  s i d e ,  f t 2  
p l a t e  t h i ckness ,  f t  
p l a t e  spacing,  f t  
s p e c i f i c  hea t  a t  cons tan t  p re s su re ,  ~ t u / l b m - O ~  
f r i c t i o n  f a c t o r ,  dimensionless  
hea t  exchanger c o r r e c t i o n  f a c t o r ,  dimensionless  
mass v e l o c i t y ,  (w/A,), lbm/hr-ft2 
2 
conversion f a c t o r ;  go = 32.2 ( lbm/lbf)  ( f t / s e c  ) 
2 
hea t  t r a n s f e r  c o e f f i c i e n t ,  Btu /hr - f t  -OF 
thermal  conduct iv i ty ,  ~ t u / h r - f t l O ~  
length  of f i n ,  f t  
t o t a l  flow length  of h e a t  exchanger, f t  
- 1 
f i n  parameter,  f t  , see  Eq. (7) 
number of  t r a n s f e r  u n i t s ,  dimensionless  
wetted pe r ime te r  of f i n ,  f t  
P r a n d t l  number, dimensionless ,  s ee  Eq. ( 9 )  
pres su re  drop, p s f  
hea t  t r a n s f e r  r a t e ,  Btu/hr 




Reynolds number, dimensionless ,  see Eq . (10)  
hydraul ic  r ad ius  ( A ~ L / A ) ,  f t ,  4rh = hydraul ic  diam 
Stanton number, dimensionless ,  s ee  Eq.  (9) 
f i n  t h i ckness ,  f t  
temperature,  O F  
log-mean temperature d i f f e r e n c e  f o r  pure counterf low,  OF 
o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t ,  ~ t u / h r - f t ~ - ' ~  
3 
volume, f t  
3 
a i r  volume between p l a t e s ,  f t  
mass flow r a t e ,  lbm/hr 
r a t i o  of t o t a l  hea t  t r a n s f e r  a r e a  on one s i d e  t o  t o t a l  volume 
of hea t  exchanger A/V, f t2 / f t3  
r a t i o  of t o t a l  hea t  t r a n s f e r  a r e a  on one s i d e  of a  p l a t e - f i n  
hea t  exchanger t o  t h e  volume of a i r  between p l a t e s  on t h a t  
s ide ,  A/v~, f t 2 / f t 3  
water  channel  t h i ckness ,  f t 
hea t  t r a n s f e r  e f f e c t i v e n e s s  ( ~ e f ,  I), dimensionless  
t o t a l  sur face  temperature e f f e c t i v e n e s s ,  dimensionless ,  
'see Eq.  ( 5 )  
f i n  e f f i c i e n c y ,  dimensionless ,  s ee  Eq.  (7) 
< 
A , / A ~ ~ ,  d imensionless  
dens i ty ,  lbm/ft3 






v i scos i ty ,  lbm/ft -hr 
see Eg. (32) 
cold ( a i r )  s ide  of heat exchanger 
hot (water) s ide  of heat exchanger 
wal l  
maximum 
minimum 
i n l e t  
reference heat  exchanger. 
EFHX-I f i r s t  model of a p a r t i a l l y  electroformed rad ia to r  
( ~ i g s .  6 and 9) 
EFHX-I1 second model of a p a r t i a l l y  electroformed r ad i a to r  
( ~ i ~ s .  7 and 10) 
soldered rad ia to r  having physical  cha r ac t e r i s t i c s  s imi lar  
t o  EFHX-I and -11. ( ~ i g s .  8 and 11) 
LMHX l i t e r a t u r e  matrix heat exchanger ( r ad i a to r )  ( ~ i ~ .  11). 
vii 
ABSTRACT 
This i s  t h e  f i n a l  r epo r t  o f  a  s tudy t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of 
manufacturing an  automobile r a d i a t o r  (a i r -water  hea t  exchanger) by t h e  process  
of e lec t roforming .  It was concluded t h a t  owing t o  t h e  p re sen t  s t a t e  of t h e  
technology of  e lec t roforming  it i s  not economically p r a c t i c a l  a t  t h i s  t ime 
t o  f a b r i c a t e  r a d i a t o r s  e i t h e r  p a r t i a l l y  o r  completely by t h e  e lec t roforming  
processes .  The d e s i r a b i l i t y  of  producing an electroformed r a d i a t o r  remains 
an important g o a l  a s  such cons t ruc t ion  would e l imina te  t h e  s o l d e r  and could 
be expected t o  have supe r io r  s t r eng th ,  improved performance and h ighe r  r e l i -  
a b i l i t y  i n  comparison wi th  convent ional  r a d i a t o r s .  
It i s  recommended t h a t  f u r t h e r  s t u d i e s  be undertaken t o  t r a n s l a t e  a v a i l -  
a b l e  information on t r a n s p o r t  phenomena i n  e l e c t r o l y t i c  systems t o  p r a c t i c a l  
manufacturing processes .  S i g n i f i c a n t  improvement i n  i n d u s t r i a l  e lectroform- 
ing  methods and techniques and t h e  competi t ive p o s i t i o n  of  t h i s  i n d u s t r y  a r e  
considered p o s s i b l e  by a  c a r e f u l  and w e l l  planned a p p l i c a t i o n  of  t r a n s p o r t  
theory.  
Two p a r t i a l l y  electroformed r a d i a t o r s  and one soldered r a d i a t o r  were 
designed, cons t ruc ted  and t e s t e d  f o r  t h e i r  thermal  and f r i c t i o n a l  pressure-  
drop performance. The f i r s t  e lectroformed r a d i a t o r  displayed supe r io r  thermal  
performance and i n f e r i o r  f r i c t i o n a l  pressure-drop performance. This  was 
a t t r i b u t e d  t o  an  a r t i f i c i a l  su r f ace  roughness induced on t h e  a i r - s i d e  su r -  
f aces  by t h e  processes  of manufacture of t h e  r a d i a t o r  and was not a  d i r e c t  
consequence of  t h e  electroformed cons t ruc t ion .  Accordingly, f u r t h e r  research  
was s t a r t e d  on an  i n v e s t i g a t i o n  of t h e  hea t  t r a n s f e r  c h a r a c t e r i s t i c s  of t h i n  
electroformed shee t  which can be made with rough su r f aces .  
This  r e p o r t o u t l i n e s  t h e  method of s e l e c t i o n  of t h e  r a d i a t o r s  f o r  t e s t -  
ing,  t h e  des ign  and ope ra t ion  of a  wind t u n n e l  f o r  r a d i a t o r  performance t e s t -  
ing ,  t e s t  procedures  and t h e  r e s u l t s  of t h e  thermal  and p re s su re  drop t e s t i n g  
of a l l  r a d i a t o r s .  These r e s u l t s  a r e  given i n  Appendices A and B. 
A l imi ted  l i t e r a t u r e  survey was made t o  o b t a i n  se l ec t ed  d a t a  on t h e  
mechanical p r o p e r t i e s  of so lde r s ,  soldered j o i n t s ,  and electroformed copper. 
Tens i le  and f a t i g u e  s t r e n g t h s  were determined on nominal 0.010 and 0.020 inch  
t h i c k  s t r i p  specimens. The t e n s i l e  s t r e n g t h  averaged 27,818 and ;17,:24 p s i  
r e s p e c t i v e l y  f o r  t hese  two average th i cknesses .  The endurance l i m i t  of 
t hese  two nominal th icknesses  based on t e n  m i l l i o n  cyc les  was 11,500 and 
10,500 p s i  r e s p e c t i v e l y .  These r e s u l t s  a r e  presented i n  Appendix C .  
. 
The electroforming procedures  a r e  presented i n  Appendix D and have been 
prepared by M r .  Frank K .  Savage, P re s iden t ,  Graham-Savage and Assoc ia tes ,  Inc . ,  
Kalamazoo, Michigan, M r .  Samge was t h e  consu l t an t  on e lec t roforming  manu- 
f a c t u r e  processes  and a l s o  supervised cons t ruc t ion  of  a l l  e  lectroformed 
r a d i a t o r  subassemblies.  
1. INTRODUCTION 
This  i s  t h e  f i n a l  r epo r t  on "Automotive Radia tors  Manufactured by t h e  
Electroforming P r o c e ~ s , ~ '  a research  program sponsored by t h e  I n t e r n a t i o n a l  
Copper Research Assoc ia t ion ,  I n c . ,  New York, New York. 
The o b j e c t i v e  of  t h i s  s tudy  was t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of  manu- 
f a c t u r i n g  an  automotive type  r a d i a t o r  ( a i r -wa te r  hea t  exchanger) wholly o r  
i n  p a r t  by t h e  p roces s  of e lectroforming.  It was considered d e s i r a b l e  from 
both an economic and performance r e l i a b i l i t y  s tandpoin t  t o  e l imina te  t h e  so lde r  
j o i n t s  i n  p r e s e n t l y  manufactured r a d i a t o r s .  To t h i s  end two p a r t i a l l y  e l e c t r o -  
formed r a d i a t o r s  were assembled and performance t e s t e d  i n  a wind t u n n e l  de- 
signed f o r  t h a t  purpose. Comparative performance of t h e s e  p a r t i  a l l y  e l e c t r o -  
formed r a d i a t o r s  was obtained by t e s t i n g  a s i m i l a r  bu t  soldered r a d i a t o r  and 
by us ing  performance d a t a  from t h e  s tandard l i t e r a t u r e  on extended su r f ace  
hea t  exchangers.  
A p a r t i a l l y  electroformed hea t  exchanger was decided a s  a p r a c t i c a l  
i n i t i a l  s t e p  i n  view of t h e  s t a t e  of t h e  e lec t roforming  technology. This  
cons t ruc t ion  cons i s t ed  of e lec t roforming  approximately 0.012 i n .  t h i c k  copper 
f a c e s  t o  t h e  c r e s t s  of  p re -ex i s t en t  corrugated copper automctive r a d i a t o r  
s t r i p  s tock .  P r i o r  t o  e lec t roforming  t h e  s t r i p  s tock  was encased i n  a melt-  
a b l e  a l l o y  and t h e  f a c e s  machined t o  expose t o  edges of t h e  copper s t r i p  
s tock .  The e lec t roforming  then  completed a sub-assembly wi th  two p a r a l l e l  
f a c e s  connected l a t e r a l l y  by t h e  corrugated copper s t r i p  s tock .  Approxi- 
mately twenty such subassemblies were soldered t o g e t h e r  t o  form t h e  hea t  ex-  
changer ma t r ix  wi th  a 0.094 i n .  spacing between ad jacent  subassemblies se rv-  
i ng  a s  water  coolant  channels.  Headers were a t tached  a t  each end of t h e  h e a t  
exchanger t o  provide f o r  water  coolant  connect ion and d i s t r i b u t i o n .  Photo- 
graphs of a t y p i c a l  subassembly and an  assembled r a d i a t o r  (hea t  exchanger) a r e  
shown i n  F igs .  1 and 2. A l l  e lec t roforming  ope ra t ion  were done by t h e  Graham, 
Savage and Assoc ia tes ,  I n c , ,  KaLar,:a.zoo, Michigan, under t h e  superv is ion  of 
M r .  Frank K .  Savage. 
The hea t  exchanger des ign  and t e s t i n g  were completed by The Univers i ty  
of Michigan. This  included t h e  s e l e c t i o n  and eva lua t ion  of  r a d i a t o r  core  de- 
s i g n s  from t h e  s tandpoin t  of t h e i r  mechanical, thermal  and f r i c t i o n a l  pres -  
su re  drop performance, t h e  s e l e c t i o n  of  a s p e c i f i c  design and a m e t a l l u r g i c a l  
s tudy of t h e  p h y s i c a l  p r o p e r t i e s  of e lectroformed copper shee t s  and e l e c t r o -  
formed copper j o i n t s .  This  l a t t e r  involved a s tudy  of  t h e  mic ros t ruc tu re  
c h a r a c t e r i s t i c s  and a de te rmina t ion  o f  t h e  t e n s i v e  and f a t i g u e  s t r e n g t h s  of  
- t h e  electrofnrmed p a r t s .  
M r ,  Richard D. Chapman, D i rec to r ,  Automotive Development, Copper and 
Brass  Research Assoc ia t ion ,  con t r ibu ted  t o  t h e  g e n e r a l  coord ina t ion  of t h i s  
work wi th  i n t e r e s t e d  p a r t i e s  i n  i ndus t ry .  
This  r epo r t  w i l l  be d iv ided  i n t o  two major p a r t s .  The f i r s t  w i l l  be 
a b r i e f  summary of p i - inc ipa l  r e s u l t s ,  conc lus ions  and recommendat ions,  hea t  
exchanger ( r a d i a t o r )  des ign  s e l e c t i o n  and t e s t i n g ,  wind t u n n e l  f a c i l i t y  
des ign ,  and exper imenta l  r e s u l t s .  The second p a r t  c o n s i s t s  of appendices 
i n  which much d e t a i l e d  informat ion  i s  presented  on t h e  summaries i n  t h e  f i r s t  
p a r t .  The r e s u l t s  of t h e  m e t a l l u r g i c a l  s t u d i e s  and t h e  e lec t roforming  pro-  
cedures  a r e  included as appendices.  
An i n i t i a l  six-month p rog res s  r e p o r t  on t h i s  work was i ssued  i n  May 
1963 under t h e  t i t l e  "Automotive Radiators  Manufactured by t h e  E lec t ro -  
forming Process ,"  some of t h e  m a t e r i a l  from t h a t  r epo r t  i s  reproduced here  
a s  appendices.  
2 RESULTS , C ONC LUS r ONS A.ND REC OMMENDAT1 ONS 
Probably t h e  most s i g n i f i c a n t  r e s u l t  of t h i s  research  was t h e  f i n d i n g  
t h a t  with t h e  c ~ r r e n t  s t a t e  of t h e  technology of e lec t roforming  it  i s  not 
economically f e a s i b l e  t o  inanufacture a n  automotive r a d i a t o r  from p a r t i a l l y  
electroformed sub-assemblies,  Furthermore, i n  view of t h e  complex geometry 
requi red  f o r  a  hea t  exchanger of  t h i s  type ,  i , e . ,  extended su r f ace  on t h e  
a i r  s i d e ,  t h e  t echno log ica l  problems of e lec t roforming  manufacture of t h e  com- 
p l e t e  hea t  exchanger a r e  themselves beyond t h e  p re sen t  l e v e l  of  t h i s  techno- 
logy. The importance of an  electroformed j o i n t  and consequent e l imina t ion  of 
s o l d e r  from t h e s e  hea t  exchangers remains an  important and d e s i r a b l e  goa l .  
Such a  des ign  could be expected t o  have s u p e r i o r  s t r e n g t h ,  l i g h t e r  weight and 
h ighe r  r e l i a b i l i t y  i n  performance from both a  thermal  and leakage p r o b a b i l i t y  
s t andpo in t ,  However, it i s  apparent  t h a t  a s  of today t h e  p r a c t i c a l  problems 
of t r a n s l a t i n g  l abo ra to ry  techniques  of e lec t roforming  on r e l a t i v e l y  simple 
systems t o  t h e  complex systems requi red  i n  compet i t ive ,  economic, q u a n t i t y  
product ion have not been overcome, 
I n  a n  independent s tudy conducted by t h e  p r i n c i p a l  au tho r  and one of  
h i s  graduate  s tuden t s  it has  been found t h a t  a n  ex tens ive  l i t e r a t u r e  e x i s t s  
on t h e  mechanics of  e lec t roforming .  Such work i s  u s u a l l y  focused on t h e  
laminar and t u r b u l e n t  t r a n s p o r t  p rocesses  i n  a n  e l e c t r o l y t i c  s o l u t i o n  i n  t h e  
presence of  a n  e l e c t r i c  f i e l d ,  Probably f o r  economic reasons t h i s  a v a i l a b l e  
body o f  s c i e n t i f i c  knowledge and techniques  has  not been ex tens ive ly  explo i ted  
i n  normal commercial e lec t roforming  opera t ions ,  
Performance d a t a  on t h e  thermal  c h a r a c t e r i s t i c s  of t h e  p a r t i a l l y  
electroformed hea t  exchanger i nd ica t ed  a  s i g n i f i c a n t l y  supe r io r  hea t  exchange 
a b i l i t y  a s  compared with t h a t  of a  soldered r a d i a t o r ,  This  was a  r e s u l t  of 
an  a r t i f i c i a l  su r f ace  roughness on t h e  a i r  s i d e  of  t h e  exchanger caused by a  
r e s idue  o f  t h e  mel tab le  a l l o y  remaining on t h e  su r f ace  subsequent t o  t h e  r e -  
moval of t h e  a l l o y ,  This  increased  thermal  performance was not bel ieved t o  
r e s u l t  from an improved thermal  contac t  a t  t h e  j o i n t  where t h e  f i n  was a t -  
tached t o  t h e  water  channel  a l though photomicrographs confirmed t h a t  sound, 
m e t a l l u r g i c a l l y  i n t e g r a l  j o i n t s  can be obta ined ,  Such a  p o s s i b i l i t y  was d i s -  
counted s ince  t h e  f r i c t i o n a l  pressure-drop f o r  t h e  electroformed h e a t  ex- 
changer a l s o  was g r e a t e r  t han  t h a t  of t h e  soldered exchanger. A summary of 
t h e  comparative thermal  and f r i c t i o n a l  performance of  a l l  hea t  exchangers 
s tud ied  i s  presented i n  F ig ,  3, 4 and 5 ,  Nevertheless ,  t h i s  r e s u l t  pointed 
t o  t h e  p o s s i b i l i t y  of  us ing  r e l a t i v e l y  inexpensive,  rough electroformed 
copper shee t  s tock a s  a  m a t e r i a l  o f  cons t ruc t ion  f o r  t h e s e  types  of  hea t  
exchangers i n  those  circumstances where t h e  disadvantages of l o s s  i n  f r i c -  
t i o n a l  c h a r a c t e r i s t i c s  a r e  accep tab le ,  The r e l a t i v e  advantages of  increased 
hea t  t r a n s f e r  from such rou<hened su r f aces  i s  cu r r en t ing  being undertaken 
by t h i s  l abo ra to ry  under t h e  p re sen t  sponsor and r e s u l t s  of  a  prel iminary 
s tudy a r e  expected t o  be ready a t  t h e  end of t h i s  y e a r .  
Apart from t h i s  i n v e s t i g a t i o n  of  t h e  c h a r a c t e r i s t i c s  of rough e l e c t r o -  
formed su r f aces ,  t h e  fol lowing recommendation i s  made a s  a  r e s u l t  of t h i s  
s tudy .  There i s  a t  p re sen t  an  apparent  in format ion  sepa ra t ion  between t h e  
t h e o r e t i c a l  workers i n  e l ec t rochemis t ry  and those  i n  t h e  t r a n s p o r t  mechanics 
of  hea t  and mass t r a n s f e r  and t h e  p r a c t i t i o n e r s  i n  t h e  e lec t roforming  and 
e l e c t r o - p l a t i n g  i n d u s t r y .  A s  a  consequence t h e  e lec t roforming  technology 
has not been developed t o  t h e  s t a g e  where it i s  p r a c t i c a l l y  p o s s i b l e  nor 
economically f e a s i b l e  t o  e l ec t ro fo rm shapes a s  complex a s  t hose  of a n  a i r -  
water  hea t  exchanger. It has been found, however, t h a t  a  g r e a t  d e a l  of 
u s e f u l  information dea l ing  wi th  t r a n s p o r t  t heo ry  appl ied  t o  e lec t roforming  
processes  i s  p r e s e n t l y  a v a i l a b l e ,  most ly i n  t h e  form of s c i e n t i f i c  papers  
and monographs. This  in format ion  ought t o  be c a r e f u l l y  surveyed by compe- 
t e n t  and experienced personnel  and a  p o s i t i o n  paper  formulated i n  a  way 
which would be u s e f u l  t o  a p p l i c a t i o n  i n  t h e  e lec t rochemica l  i ndus t ry .  Such 
a  s tudy a l s o  would r e v e a l  a r e a s  i n  t h e  technology of e l ec t ro -depos i t i on  where 
a d d i t i o n a l  i n v e s t i g a t i o n  of  t h e  t r a n s p o r t  p rocesses  o f  hea t  and mass can pro-  
duce p o t e n t i a l l y  u s e f u l  r e s u l t s .  It i s  f e l t  t h a t  s i g n i f i c a n t  improvement i n  
i n d u s t r i a l  e lec t roforming  methods and techniques ,  and p o s s i b l y  t h e  competi- 
t i v e  p o s i t i o n  of t h i s  i n d u s t r y  can be achieved by a  c a r e f u l  and well-planned 
a p p l i c a t i o n  of  t r a n s p o r t  theory .  I n  s p e c i f i c  terms it i s  v i sua l i zed  t h a t  
such an a p p l i c a t i o n  would enable t h e  p r e d i c t i o n  of  r a t e s  of depos i t  ( o r  
removal) of me ta l  on va r ious  geometric shapes i n  terms of  e l e c t r o l y t e  
p r o p e r t i e s ,  flow r a t e ,  tu rbulence  l e v e l ,  temperature,  e l e c t r i c  p o t e n t i a l  
f i e l d s  and d i f f u s i o n  c o e f f i c i e n t s ,  among others*.  Such a  s tudy  a s  i s  recom- 
mended he re  should inc lude  experimental  i n v e s t i g a t i o n s  i n  circumstances 
having commercial importance but  not be l imi t ed  t o  t h e s e  a lone ,  New condi- 
t i o n s  of geometry, flow, e l e c t r o l y t e ,  p o t e n t i a l  f i e l d ,  e t c . ,  should be 
s tudied  i n  o r d e r  t o  i n v e s t i g a t e  improved methods f o r  t h e  e lec t roforming  of 
new shapes. These r e s u l t s  would apply a s  w e l l  t o  meta l  removing processes  
such a s  e lec t ro-chemica l  machining. 
"It i s  recognized t h a t  su r f ace  phenomena not inf luenced by t h e  t r a n s p o r t  
p rocesses  w i l l  have an  important e f f e c t  on t h e  depos i t i on  process  and must 
be included i n  a  comprehensive s tudy ,  
. HEAT EXCHANGER DESIGN SELECTION AND TESTING 
A t  t h e  s t a r t  of t h i s  research  it was des i r ed  t o  s e l e c t  a hea t  exchanger 
mat r ix  f o r  p o s s i b l e  electroforming manufacture which would have thermal  and 
f r i c t i o n a l  c h a r a c t e r i s t i c s  acceptab le  f o r  automotive a p p l i c a t i o n  and repre-  
s e n t a t i v e  of t h a t  c l a s s  of a i r -wa te r  hea t  exchangers.  To accomplish t h i s  
an opt imiza t ion  procedure was adopted which would s e l e c t  t h a t  hea t  exchanger 
mat r ix  having t h e  maximum r a t e  of hea t  t r a n s f e r  p e r  u n i t  volume p e r  u n i t  
f r i c t i o n a l  p re s su re  drop. I n  o t h e r  words, t h e  mat r ix  corresponding t o  t h i s  
optimum would represent  t h a t  design r equ i r ing  t h e  minimum volume and producing 
t h e  minimum f r i c t i o n a l  p re s su re  drop f o r  a spec i f i ed  r a t e  of hea t  t r a n s f e r  
and a i r  flow r a t e .  The c a l c u l a t i o n  of t h i s  optimum design requi red  t h e  use 
of experimental  d a t a  on extended sur face  hea t  exchangers.  The d a t a  employed 
were those  publ ished by Kays and London i n  Compact - Heat Exchanger ( l) ,  an  
a u t h o r i t a t i v e  pub l i ca t ion  on t h i s  s u b j e c t .  The d e t a i l s  of t h i s  op t imiza t ion  
procedure and s e l e c t i o n  a r e  ou t l i ned  i n  Appendix A .  As a r e s u l t  of t h i s  
s tudy i t  was determined t h a t  a mat r ix  which was of a s u i t a b l e  optimum type 
on t h e  b a s i s  of  i t s  thermal  and f r i c t i o n a l  c h a r a c t e r i s t i c s  should be of a 
p l a t e - f  i n  design having 10 f i n s  p e r  i n .  with waviness, o r  t u rbu len t  promoters, 
on t h e  f i n s .  The a i r  flow channel was t o  be between 0.40 and 0.50 i n .  wide, 
2 i n .  deep and 12  i n .  i n  he ight ,  the  l a t t e r  two dimensions be ing  s e l e c t e d  
a r b i t r a r i l y .  Such a design, it was f e l t ,  a l s o  would have a good chance of 
be ing  f ab r i ca t ed ,  i n  p a r t  a t  l e a s t ,  by e lec t roforming .  
Three t e s t  hea t  exchangers were f a b r i c a t e d .  A l l  were e s s e n t i a l l y  of t he  
design shown i n  Fig.  2. Two of t h e  exchangers were made of electroformed 
sub-assemblies and a r e  r e f e r r ed  t o  i n  t h i s  r epo r t  a s  EFHX-I and EFHX-I1 
(electroformed hea t  exchanger I and 11). The t h i r d  exchanger was b a s i c a l l y  
t h e  same, except t h a t  it was f a b r i c a t e d  i n  a convent ional  manner by so lde r  
and i s  r e f e r r ed  t o  here  a s  SPHX (soldered pro to type  hea t  exchanger).  For 
comparative purposes t h e  experimental  r e s u l t s  from EFHX-I, EFHX-I1 and SPHX 
a r e  compared with publ ished r e s u l t s  from t h e  hea t  t r a n s f e r  l i t e r a t u r e  on a 
s i m i l i a r  hea t  exchanger mat r ix .  This  i s  i d e n t i f i e d  a s  N X  ( l i t e r a t u r e  
mat r ix  hea t  exchanger) .  
Both electroformed hea t  exchangers were manufactured from sub-assemblies 
such a s  t h a t  shown i n  F ig .  1. Pre-exis ten t  automotive r a d i a t o r  spacer  s tock  
was placed i n  a mold i n t o  which a meltable  a l l o y  was poured. A f t e r  t he  a l l 2 y  
hardened it was removed from t h e  mold and i t s  l a t e r a l  faces  were machined ex- 
posing t h e  t h i n  edges of t h i s  copper spacer  s tock .  This was then  placed i n  
a n  e l e c t r o l y t i c  ba th  and approximately 0.012 i n .  of copper was deposi ted on 
t h e  machine f aces  forming a copper-copper j o i n t  wi th  the  spacer  s tock.  The 
a l l o y  was then  melted out  leaving a sub-assembly a s  shown i n  Fig.  1. Approxi- 
mately 20 such sub-assemblies were placed ad jacent  t o  each o t h e r ,  separated 
about 0.094 i n *  and soidered t o  form t h e  bas i c  hea t  exchanger mat r ix .  Headers 
were a t tached  a t  each end of t h e  mat r ix  t o  complete t h e  hea t  exchanger. De- 
t a i l e d  drawings of EFHX-I and -21 a r e  given i n  F igs .  6 and 7.  
The soldered hea t  exchanger was assembled from t h e  i d e n t i c a l  copper 
spacer  s tock  a s  EFHX-I and -11. The a i r  channels a r e  wider i n  t h i s  des ign  
because t h e  c r e s t s  of t h e  s t r i p  s tock were not machined o f f .  A d e t a i l e d  
drawing of t h e  soldered hea t  exchanger i s  shown i n  F ig .  8. 
Detai led a i r - channe l  and water-channel dimensions a s  seen from t h e  a i r  
flow d i r e c t i o n  a r e  given i n  F igs .  9, 10 and 11 f o r  EFHX-I, EFHX-I1 and t h e  
SPHX, r e s p e c t i v e l y .  The EFHX-I was f a b r i c a t e d  by t h e  Graham, Savage and 
Assoc ia tes ,  Kalamazoo, Michigan. The EFHX-I1 was f a b r i c a t e d  under t h e  super-  
v i s i o n  of  t h i s  l abo ra to ry  us ing  a i r  channel sub-assemblies electroformed by 
t h e  Graham, Savage and Assoc ia tes  and t h e  SPHX was f a b r i c a t e d  by t h e  Young 
Radiator  Company, Racine, Wisconsin. A summary of t h e  p r i n c i p a l  geometric 
c h a r a c t e r i s t i c s  of each of t h e s e  hea t  exchangers i s  given i n  Table 1. 
The hea t  exchanger mat r ix  r e f e r r e d  t o  a s  LMHX i s  mat r ix  number 11, 
Table 2 i n  App.endix A .  This  mat r ix  was chosen f o r  comparative purposes 
with t h e  experimental  d a t a  obtained i n  t h i s  s tudy i n  o r d e r  TO provide an 
approximate independent check on t h e  measurements obtained from EFHX-I, 
EFI-IX-I1 and t h e  SPHX. The experimental  d a t a  f o r  LYW( were obtained by 
Kays and London and repor ted  i n  Ref. 1. These d a t a  a r e  reproduced here  i n  
F ig .  3 1 .  
The mechanical s t r e n g t h  of an  electroformed sub-assembly was t e s t e d  
by sub jec t ing  one of t h e  electroformed f a c e s  t o  a i r  p re s su re  and measuring 
t h e  corresponding d e f l e c t i o n  of  t h e  mat r ix .  A i r  p r e s su re  was appl ied  by 
t h e  use of  an a i r  channel  soldered t o  one s i d e  of t h e  sub-assembly a s  shown 
i n  F ig ,  12. This  arrangement s imula tes  t h e  s t a t e  of s t r e s s  imposed on t h e  
mat r ix  by t h e  p re s su re  of t h e  water  i n  t h e  water  channels .  As may be ob- 
served from F ig .  12 t h e  pressure-deformation c h a r a c t e r i s t i c s  a r e  very com- 
p l ex  as would be expected.  Both e l a s t i c  and p l a s t i c  type  behavior  i s  seen 
with a  c e r t a i n  amount of permanent deformation which inc reases  a t  about 40 
p s i g .  However, even a t  a  p re s su re  of  60 p s i g ,  o r  about 4 atmospheres gage, 
t h e  t o t a l  deformation i s  on ly  0.038 i n .  The mat r ix  was t e s t e d  t o  75 p s i g  
without  rup tu re .  On t h e  b a s i s  of t h e s e  r e s u l t s  i t  was f e l t  t h a t  t h e  sub- 
assembly was of s u f f i c i e n t  s t r e n g t h  and r i g i d i t y  f o r  an  automobile r a d i a t o r .  
Designs having even g r e a t e r  s t i f f n e s s  can r e a d i l y  be f a b r i c a t e d .  
The r a d i a t o r s  were t e s t e d  i n  a  windtunnel s p e c i f i c a l l y  designed f o r  t h i s  
purpose. The wind t u n n e l ,  i t s  a u x i l i a r i e s ,  ins t rumenta t ion  and ope ra t ing  pro-  
cedures  a r e  descr ibed  i n  d e t a i l  i n  Appendix B. 
The r a t e  of  hea t  t r a n s f e r  q was determined from t h e  en tha lpy  change of 
t h e  heated water  flowing through t h e  core of t h e  r a d i a t o r ,  This en tha lpy  
TABLE 1 
S W R Y  OF HW.T EXCHANGER CHARACTERISTICS* 
EFHX-I i s  the  f i r s t  electroformed heat exchanger fabricated (see Figs. 
6 and 9) 
EFHX-I1 i s  the  second electroformed heat exchanger fabricated (see Figs. 
7 and 10) 
LMHX SMOL 
SPHX i s  the  soldered heat exchanger (see Figs.  8 and 11) 
LnlE3X Li tera ture  heat exchanger (Fig. 31). 
EFHX- I 
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change was computed from measurements of t h e  flow r a t e  of t h e  water  and i t s  
temperature change, The o b j e c t i v e  of t h e s e  t e s t s  was t h e  de te rmina t ion  of 
t h e  average a i r - s i d e  hea t  t r a n s f e r  c o e f f i c i e n t  and t h e  corresponding value 
of t h e  S tan ton  number, t h e  p r i n c i p a l  hea t  t r a n s f e r  parameter .  Because of 
t h e  t e s t  arrangement, t h e  a i r - s i d e  hea t  t r a n s f e r  c o e f f i c i e n t  could not be 
obtained d i r e c t l y  but  had t o  be determined from i n d i r e c t  measurements and 
computations.  The fol lowing i s  a  b r i e f  d e s c r i p t i o n  of t h e  method of c a l -  
c u l a t i o n  of both t h e  hea t  t r a n s f e r  and t h e  f r i c t i o n a l  perforrna,?ce d a t a .  
The o v e r a l l  c o e f f i c i e n t  of h e a t  t r a n s f e r  i s  determined from t h e  r a t e  
equat ion  f o r  t h e  r a d i a t o r  a s ,  
where, 
ATOL i s  t h e  logar i thmic  mean temperature d i f f e r e n c e  f o r  pure counterf low.  
F i s  t h e  hea t  exchanger c o r r e c t i o n  f a c t o r  f o r  t h e  a c t u a l  flow con- 
f i g u r a t i o n  (cross-f low,  both f l u i d s  unmixed). I n  a l l  c a ses  F was 
approximately 0.99. 
From Eq. (1) t h e  product  VA i s  w r i t t e n  
a l s o ,  by t h e  d e f i n i t i o n  of n, we have 
however, f o r  t h e  r a d i a t o r  con f igu ra t ions  employed t h e  thermal  r e s i s t a n c e  
of t h e  water  channel w a l l  i s  n e g l i g i b l e  and -qoh i s  u n i t y .  Hence, 
t h e  f i n  e f f i c i e n c y  voc i s  given a s  
and 
where, 
As may be noted from Eqs. ( 2 ) )  ( b ) ,  (5 ) ,  (6)) and ( 7 )  t h e  de te rmina t ion  of 
hc,  t h e  average a i r - s i d e  hea t  t r a n s f e r  c o e f f i c i e n t ,  r equ i r e s  values of hh, 
t h e  water  s i d e  hea t  t r a n s f e r  c o e f f i c i e n t .  Furthermore, t h e  a i r  s i d e  f i n  
e f f i c i e n c y  7 i t s e l f  involves  hc.  As a r e s u l t  once numerical values a r e  
0 C - 
obtained f o r  hh and UA, t h e  f i n a l  c a l c u l a t i o n  of hc i s  a  t r i a l  and e r r o r  
procedure. This  computation i s  not d l f f i c u l t ,  however, s ince  hh i s  con- 
s ide rab ly  g r e a t e r  t han  hc, i n  most ca ses ,  and t h e  value of  qoc f a l l s  w i th in  
f a i r l y  f i xed  l i m i t s .  Numerical values f o r  hh were taken from t h e  s tandard 
hea t  t r a n s f e r  l i t e r a t u r e  f o r  flow i n  channels .  25 
The a i r  s i d e  hea t  t r a n s f e r  d a t a  a r e  presented i n  terms of t h e  dimension- 
l e s s  parameters  Stanton number, S t ,  Prandt l  number, P r  and Reynolds number 
Re. Data formulated i n  t h i s  manner provide a  simple, meaningful and gen- 
e r a l i z e d  method of p r e s e n t a t i o n  f o r  comparative purposes.  These r e s u l t s  a r e  
summarized i n  F ig .  3 and a r e  d iscussed  below, 
I n  a d d i t i o n  t o  hea t  t r a n s f e r  d a t a ,  measurements were taken of t h e  
f r i c t i o n a l  p re s su re  drop c h a r a c t e r i s t i c s  of each r a d i a t o r  con f igu ra t ion .  
These r e s u l t s  a r e  summarized i n  F ig .  4 i n  terms of a  f r i c t i o n  f a c t o r  f  a s  
a  func t ion  of Reynolds number and a r e  discussed below. The f r i c t i o n  f a c t o r  
i s  given a s  
where, 
Ape i s  t h e  drop i n  t o t a l  p re s su re  a c r o s s  t h e  r a d i a t o r .  

4. RESULTS 
The experimental  hea t  t r a n s f e r  and f r i c t i o n a l  pressure-drop r e s u l t s  
f o r  t h e  t h r e e  r a d i a t o r s  t e s t e d  and t h e  one taken from t h e  l i t e r a t u r e  a r e  
summarized i n  F igs .  3 ,  4 and 5 .  Ind iv idua l  r e s u l t s  on each of t h e  r ad i a -  
t o r s  a r e  presented i n  F igs .  13 through 20. 
Three experimental  r a d i a t o r s  were t e s t e d  and an a d d i t i o n a l  one of 
s i m i l a r  design was taken from t h e  l i t e r a t u r e  f o r  comparative purposes.  
Physical: p roper ty  d a t a  on each of  t h e s e  r a d i a t o r s  i s  summarized i n  Table 
1. The r a d i a t o r s  a r e  i d e n t i f i e d  a s  fol lows : 
1. EFHX-I. F i r s t  model of a  p a r t i a l l y  electroformed r a d i a t o r  
(F igs .  6 and 9 )  
2. EFHX-11. Second model of a  p a r t i a l l y  electroformed r a d i a t o r  
(F igs .  7 and 10)  
3 .  SPHX. Soldered r a d i a t o r  having phys i ca l  c h a r a c t e r i s t i c s  s i m i l a r  
t o  EFHX-I and -11. ( ~ i ~ s .  8 and 11) 
4. LMHX. L i t e r a t u r e  mat r ix  hea t  exchanger ( r a d i a t o r )  (F ig .  31). 
Two p a r t i a l l y  electroformed r a d i a t o r s  were f a b r i c a t e d  a s  t h e  f i r s t  
r a d i a t o r  was f e l t  t o  be not of a  s u f f i c i e n t l y  high s tandard of  cons t ruc t ion  
t o  be used f o r  conclus ive  s t u d i e s .  I n  p a r t i c u l a r  t h e r e  were i r r e g u l a r i t i e s  
and excess ive  roughness i n  t h e  a i r  channel which would not be found i n  a  
commercial automobile r a d i a t o r .  Using t h e  experience gained on t h e  f i r s t ,  
a  second p a r t i a l l y  electroformed r a d i a t o r  was cons t ruc ted  and i d e n t i f i e d  
a s  EFHX-11. This  r a d i a t o r  was assembled us ing  electroformed sub-assemblies 
produced by Graham-Savage and Assoc ia tes ,  Kalamazoo, Michigan. I ts  con- 
s t r u c t i o n  was done by so lde r ing  t h e  sub-assemblies and was supervised by 
The Univers i ty  of Michigan. A completely soldered r a d i a t o r  (SPHX) was 
f a b r i c a t e d  us ing  t h e  same spacer  s tock  and t e s t e d  f o r  comparative purposes.  
T e  hea t  t r a n s f e r  d a t a  a r e  presented f o r  t h e  a i r - s i d e  a s  t h e  product P S t  p r 2  a s  a func t ion  of  t h e  a i r - s i d e  Reynolds nuhber Rec. These dimen- 
s i o n l e s s  groups a r e  def ined a s  
F r i c t i o n  d a t a  a r e  g iven  i n  terms of a  f r i c t i o n  f a c t o r  f  a s  a  func t ion  of  
Reynold ' s  number. These methods of  r e p r e s e n t a t i o n  g e n e r a l i z e  t h e  d a t a  and 
al low f o r  comparison between r a d i a t o r s  a s  w e l l  a s  between var ious  flow con- 
d i t i o n s  f o r  a  given r a d i a t o r .  It a l s o  permi ts  comparisons t o  be made with-  
ou t  t h e  requirement t h a t  a i r  o r  water  flow r a t e s  be i d e n t i c a l  f o r  t h e  com- 
p a r i s o n .  I n  a l l  d a t a  repor ted  t h e  P r a n d t l  number was t h a t  f o r  a i r  and 
hence var ied  only  s l i g h t l y u  Super ior  hea t  t r a n s f e r  performance among t h e s e  
e s s e n t i a l l y  s i m i l a r  r a d i a t o r s  i s  noted by a  l a r g e  S t  prJ3 product f o r  a 
given Reynold's number whereas s u p e r i o r  f r i c t i o n  pressure-drop performance 
would be ind ica t ed  by smal l  f r i c t i o n  f a c t o r  f o r  a  given Reynold's number. 
The summary hea t  t r a n s f e r  d a t a  i n  F ig .  3 i n d i c a t e s  t h a t  E m - I  has 
supe r io r  performance t o  t h e  o t h e r s .  Close in spec t ion  of t h e  ma t r ix  d i s -  
c losed a  rough a i r - s i d e  su r f ace  cond i t i on  which i s  be l ieved  t o  have caused 
an inc rease  i n  t h e  turbulence  i n  t h e  a i r - f l ow and t h u s  t h e  increased  hea t  
t r a n s f e r .  This  i s  f u r t h e r  borne out  by t h e  f r i c t i o n  d a t a  summarized i n  
F ig ,  4 where EFHX-I a l s o  e x h i b i t s  t h e  g r e a t e s t  f r i c t i o n  f a c t o r .  This  i s  
cons i s t en t  wi th  t h e  conclusion t h a t  a i r - s i d e  su r f ace  roughness i s  respon- 
s i b l e  f o r  t h e  increased  hea t  t r a n s f e r .  The su r f ace  roughness i s  thought 
t o  be caused by a  r e s idue  of t h e  mel tab le  a l l o y  used t o  encase t h e  copper 
spacer  s tock dur ing  t h e  e lec t roforming  opera t ion .  Because of t h i s  i t  i s  
concluded t h a t  t h e  i n c r e a s e  i n  hea t  t r a n s f e r  i s  not a  r e s u l t  of improved 
performance owing t o  t h e  electroformed copper spacer  s tock  ( f i n )  a t t a c h -  
ment t o  t h e  water  channel .  
The hea t  t r a n s f e r  and f r i c t i o n  c h a r a c t e r i s t l c s  of t h e  o t h e r  r a d i a t o r s  
a r e  summarized i n  F igs .  3 and 4 a l s o .  Dffferences i n  t h e  performance 
c h a r a c t e r i s t l . c s  a r e  l e s s  and t h e  electroformed r a d i a t o r  (EFHX-11 ) e x h i b i t s  
somewhat b e t t e r  h e a t  t r a n s f e r  and s l i g h t l y  poorer  f r i c t i o n  c h a r a c t e r i s t i c s  
than  t h e  o t h e r s ,  SPHX and LMEiX, The soldered r a d i a t o r  (sPXX) has e s s e n t i a l l y  
i d e n t f c a l  h e a t  t r a n s f e r  performance a s  t h e  r a d i a t o r  mat r ix  taken from t h e  
l i t e r a t u r e  above a  Reynold's number of about 1000, L t s  f r i c t i o n  c h a r a c t e r i s -  
t i c s  a r e  generalLy s u p e r i o r  t o  a l l  o t h e r  r a d i a t o r s ,  a probable r e s u l t  of i t s  
e x c e l l e n t  manuf a e t u r e  , 
Combined hea t  r a n s f e r  and f r i c t i o n  d a t a  f o r  a l l  r a d i a t o r s  a r e  presented 7 i n  F i g o  5 a s  St  ~ r '  3/f a s  a  func t ion  of t h e  Reynold's number. Representa- 
t i o n  of t h i s  kind emphasizes both t h e  hea t  t r a n s  e r  and f r i c t i o n  c h a r a c t e r i s -  7 t i c s  of a  r a d i a t o r .  Thus l a r g e  values of S t  Pr2  3/f i n d i c a t e s  both improved 
h e a t  t r a n s f e r  and f r i c t i o n  performance, A s  may be noted on t h i s  f i g u r e ,  t h e  
soldered r a d i a t o r  SPRX has  supe r io r  performance while  t h e  f i r s t  electroformed 
model EFHX-I e x h i b i t s  t h e  poores t  performance. This  l a t t e r  i s  i n  l i n e  with 
t h e  c h a r a c t e r i s t i c s  of FBHX-T a s  shown i n  F igs .  3 and 4* The hea t  t r a n s f e r /  
f r i c t i o n  c h a r a c t e r i s t i c s  of EFHX-I1 and SPHX a r e  about t h e  same and each 
i s  supe r io r  t o  t h a t  of EFHX-I. 
The hea t  t r a n s f e r  and f r i c t i o n  d a t a  f o r  each of t h e  ind iv idua l  r a d i a -  
t o r s  a r e  given i n  F i g s .  13  through 20. Each da t a  po in t  corresponds t o  a  
s epa ra t e  run  having a  d i f f e r e n t  water  v e l o c i t y .  A l l  t a b u l a t e d  d a t a  a r e  on 
f i l e  with the  p r i n c i p a l  au tho r .  

A P r n N D M  A 
HEAT EXCHANmR ANALYSIS 
1. ANALYSIS 
The se lec t ion  of t he  type of heat exchanger matrix su i t ab le  f o r  an auto- 
motive rad ia to r  begins with an examination of t he  performance cha rac t e r i s t i c s  
of t yp i ca l  ex i s t ing  air-water  heat exchanger cores. The determination of the  
performance cha rac t e r i s t i c s  depends on t he  a v a i l a b i l i t y  of generalized basic 
f r i c t i o n  and heat t r an s f e r  data  of an experimental nature. Probably t he  most 
recent  and comprehensive da ta  of t h i s  kind present ly  avai lable  a r e  those of 
Kays and London published i n  t h e i r  book Compact - Heat ~ x c h a n ~ e r s . ~  This study 
repor ts  the  heat t r an s f e r  and f r i c t i o n  cha rac t e r i s t i c s  of 88 d i f f e r en t  kinds 
of extended surface heat exchangers su i t ab le  f o r  gas turbine  ( g a ~ - t o - ~ a s )  o r  
automotive (air- to-water)  applicat ion.  From t h i s  group 17 d i f f e r en t  matrices 
were selected f o r  study and t h e i r  r e l a t i ve  thermal and f r i c t i o n  performance 
determined. An eighteenth core included f o r  comparison i s  a  McCord Corpora- 
t i o n  type "GN" Honeycomb core f o r  which t he  heat t r a n s f e r  and f r i c t i o n  data 
has t o  be estimated from the  bes t  avai lable  source, A b r i e f  presentat ion of 
t he  ana ly t i ca l  procedures follows. 
The hea t - t rans fe r  r a t e  q i n  a heat exchanger may be expressed as follows 
i n  which E i s  t he  heat t r an s f e r  ef fect ivenessQ1 The remaining symbols are  
defined i n  t h e  nomenclature of t h i s  repor t ,  In t h i s  analys is  the  r e l a t i ve  
performance of air-water  heat exchangers w i l l  be determined f o r  the  following 
conditions: 
a .  q i s  f ixed 
b. Thi i s  f ixed 
c. Tci i s  f ixed 
d .  ( w c ~ )  rnin i s  fixed 
e .  (wcp)max i s  fixed. 
For t he  usual  automobile rad ia to r  (wcp)rnin corresponds t o  t he  a i r - s ide  
and (wcp)rnaX corresponds t o  t h e  water-side. The effect iveness  E i s  determined 
by t h e  flow arrangement, i . e , ,  counter flow, cross flow, e t c . ,  and t h e  r a t i o  
(vcp)min/(wcp~maw.l Hence, with t he  speci f ica t ions  a t o  e above, it i s  evi-  
dent from Eq. ( 1 l ) t h a t  E w i l l  be fixed f o r  a l l  poss ible  matrix shapes f o r  a 
heat exchanger of a given flow arrangement. A s  shown by Kays and bndonl under 
these  circumstances E w i l l  then be a function only of t he  NTU, known as  t he  
number of t r an s f e r  u n i t s  i n  a heat exchanger. Furthermore, the  NTU i s  defined 
as  
15 
NTU = UA 
(WCP) min 
Thus, we may now conclude t h a t  t h e  r e l a t i v e  performance of air-water  heat ex- 
changers may be determined on t h e  b a s i s  of a f ixed NTU which f o r  t h e  imposed 
r e s t r a i n t s  becomes 
Now, i f  A i s  based on t h e  a i r - s i d e  o r  f inned-side of t h e  exchanger, we have, 
For t h e  usual  automobile r a d i a t o r  t h e  l a s t  two terms i n  Eq. (14) a r e  negl i -  
g ib le ,  i . e . ,  t h e  a i r - s i d e  controls ,  so, 
Dropping t h e  subscr ip t  c a s  a l l  symbols now r e f e r  t o  t h e  a i r - s i d e ,  we have 
from Eqs. (13) and (15) 
where 
vo = t o t a l  surface temperature ef fec t iveness .  
Hence, f o r  purposes of comparison between various heat exchanger matrices a t  
constant NTU, t h e i r  r e l a t i v e  volumes may be given a s  
A s imi la r  formulation may be wr i t t en  i n  which a "reference heat exchanger" 
matrix i s  used f o r  comparison between a l l  t h e  o thers .  Designating t h i s  
reference exchanger by t h e  subscr ip t  o we have, 
With t h i s  formulation, then ,  any o the r  two matr ices,  say 4 and 8 may be com- 
pared on a volume b a s i s  by 
Now, t h e  hea t  t r a n s f e r  parameter, t h e  Stanton number, t h e  flow parameter, t he  
Reynolds number a r e  defined a s  
which f o r  constant  a i r - s i d e  flow w, becomes, 
Because t h e  a i r - s i d e  flow i s  t h e  same i n  a l l  comparisons, t h e  Prandt l  
number i s  cons tant .  Basic heat  t r a n s f e r  d a t a  a r e  given i n  terms of ~ t o ~ r l / ~ .  
Thus, 




Kays and ~ o n d o n l  r epor t  corresponding values of S t ,  Re, a, and a f o r  t h e  f i r s t  
17 of t h e  18 heat  exchanger sur faces  considered i n  t h i s  r epor t .  Since t h e  
t o t a l  volume of t h e  matr ix i s  wr i t t en  a s  AmaL, where L i s  t h e  depth of t h e  
matr ix i n  t h e  a i r  flaw d i r e c t i o n ,  Eq, (24) may a l s o  be w r i t t e n  f o r  f ixed  
f r o n t a l  a r e a  and t o t a l  sur face  temperature e f fec t iveness ,  a s  
The Reynolds number r a t i o  i s  w r i t t e n  f o r  constant  w and Am from Eq, (21) a s  
For tube - f in  matr ices ,  a i s  uniquely speci f ied  by t h e  p a r t i c u l a r  matr ix under 
cons idera t ion .  I n  t h e  case of p l a t e - f i n  designs t h e  r a t i o  a depends on t h e  
th ickness ,  6 of t h e  water channel and i s  computed from 
In  these  ca lcu la t ions  6 i s  taken t o  be 0.080 i n .  
The above r e l a t i o n s h i p s  permit t h e  r e l a t i v e  comparison between t h e  heat  
t r a n s f e r  matr ices from t h e  s tandpoint  of t h e i r  thermal c h a r a c t e r i s t i c s .  A 
second important b a s i s  f o r  comparison i s  t h e  r e l a t i v e  f r i c t i o n a l  pressure  
l o s s .  Entrance and e x i t  pressure  l o s s e s  a r e  not included i n  t h i s .  The f r i c -  
t i o n a l  pressure  drop i s  expressed a s  
Hence, f o r  t h e  var ious  matr ices having constant  f r o n t a l  a rea ,  t h e  r e l a t i v e  
f r i c t i o n a l  pressure  l o s s  i s  
The l a s t  type  of comparison t o  be made combines both  t h e  r e l a t i v e  heat  
t r a n s f e r  and t h e  r e l a t i v e  f r i c t i o n .  This i s  on t h e  b a s i s  of heat  t r a n s f e r  
pe r  u n i t  volume p e r  u n i t  pressure  drop, On t h i s  b a s i s  a favorable exchanger 
i s  one which has a l a r g e  value of t h i s  parameter. Thus def in ing ,  
we have t h e  formulat ion of t h e  r e l a t i v e  value of t h i s  parameter a s  
Equation ( 33) a l s o  may be regarded a s  t h e  r e l a t i v e  value of t h e  heat. t r a n s f e r  
r a t e  p e r  u n i t  volume t o  f r i c t i o n a l  pumping power corresponding t o  t h e  con- 
d i c t i o n s  spec i f i ed .  
Comparison between t h e  various matr ices i s  made f o r  t h e  volume r a t i o  
.( and depth r a t i o )  , Eq. ( 27) , f r i c t i o n a l  pressure drop r a t i o ,  Eq. ( 31) , and 
heat  t r a n s f e r  pe r  u n i t  volume pe r  u n i t  f r i c t i o n a l  pressure  drop r a t i o ,  Eq. 
(33).  A l l  a r e  based on a reference  heat  exchanger f o r  reference condi t ions ,  
defined below. 
The 18 mat r ices  considered here  c o n s i s t  of s i x  t u b e - f i n s ,  n ine  p l a t e -  
f i n s ,  two tube-banks and one Honeycomb type .  The geometry and b a s i c  f r i c t i o n  
and hea t  t r a n s f e r  d a t a  of t h e  f i r s t  17 a r e  given i n  Figs.  21-37,taken from 
Kays and Lond0n.l The e igh teen th  i s  a McCord Corporation type  "GN" Honey- 
comb replacement core  having 114-in.  square a i r  passages,  2-114 i n .  long. 
Since b a s i c  heat  t r a n s f e r  and f r i c t i o n  d a t a  a r e  not  a v a i l a b l e  f o r  t h i s  matr ix,  
i t s  performance was est imated from d a t a  i n  Kays and London f o r  a dimpled 
tube  having approximately t h e  same hydraul ic  diameter  a s  t h e  se l ec t ed  Honey- 
comb core .  
2. REFERENCE HEAT EXCHANGER AND REFERENCE CONDITIONS 
The re ference  hea t  exchanger i s  a p l a t e - f i n  mat r ix  having s t r i p - f i n s  and 
i s  t h e  Kays and London su r f ace  designated a s  118-13.2, i n d i c a t i n g  t h a t  it i s  
made of 118 i n .  wide f i n s  and has 15.2 f i n s l i n .  The width b of t h e  a i r - f l ow 
channel i s  0.414 i n .  I n  t h i s  r e p o r t  t h e  re ference  h e a t  exchanger i s  des ig-  
nated a s  su r f ace  1 4  and i t s  geometry and bas i c  hea t  r a n s f e r  and f r i c t i o n  
c h a r a c t e r i s t i c s  a r e  given i n  Fig. 34. 
I n  o rde r  t o  have a s p e c i f i c  flow cond i t i on  f o r  which a l l  comparisons may 
be made, t h e  fo l lowing  a r e  taken  
A i r  v e l o c i t y  = 10 f t / s e c  
A i r  temperature = 100°F 
p = 1.285 x 10-5 lbm/ft /sec 
p = 0 ,071  lbm/ft3 
Hence , 
4'11.0 = 0,1042 i n ,  = 0,00868 f t  
a0 = 1/(1+0.080/0.414) = 0.838 
Po = 417 f t 2 / f t 3  
a, = Boao = (41?) (0 .838)  = 350 
Re0 = 4 r h o ~ o / ~  = 4rho(w/~c )o /P  
= 4 r h o ~  V A ~ / P  ( aoAm) = 4rho/ a0 ( PV/P) 
= (0.00868) (0.071) (10) l o5 / (0 .8 j8 )  (1.285)  
= 572. 
From Fig.  34 corresponding t o  Re, = 572 we f i n d ,  
and 
3. HEAT EXCHANGER MATRICES STUDIES 
A summary of the  18 heat exchanger matrices selected f o r  study i s  given 
i n  Table 2. 
4. HEAT TRANSFER AND FRICTION DATA 
The computed da ta  f o r  heat t r an s f e r  and f r i c t i o n  including t he  matrix 
parameters of a, a,  and f3 and t h e i r  r e l a t i ve  values a re  summarized i n  Tables 
3 and 4. 
5 .  RESULTS AND CONCLUSIONS 
The r e l a t i ve  volume or  r e l a t i ve  depth, V/V, or  L;/L,, r e l a t i v e  f r i c t i o n  
pressure drop, ~ p / h p ~ ,  and the  r e l a t i ve  heat t r an s f e r  per  u n i t  volume per 
un i t  pressure drop, +/4ro a re  p lot ted  i n  Figs, 38-40. From these  r e su l t s  it 
i s  poss ible  t o  compare a l l  of t he  18 matrices according t o  volume, pressure 
drop, and heat t r an s f e r  per un i t  volume per un i t  pressure drop. As i s  evi-  
dent by inspection, matrix 7 has lowest pressure drop but l a rges t  volume. 
From Table 2 it w i l l  be noted t h a t  t h i s  matrix i s  of t he  p l a t e - f i n  ty-pe and 
very open with only 5.3 f ins / in .  and t he  second lowest area t o  volume r a t i o ,  
The heat t r an s f e r  per un i t  volume per  un i t  pressure drop f o r  t h i s  matrix is ,  
however, r a t he r  poor, which i s  a r e s u l t  of i t s  open design. From the  stand- 
point  of compactness matrix 12 i s  especia l ly  outstanding. This matrix has 
t h e  smallest volume of them a l l  (Fig .  38), and the  highest heat t r an s f e r  
per  un i t  volume per un i t  pressure drop (Fig.  40), although i t s  f r i c t i o n a l  
pressure drop i s  only moderately favorable ( ~ i g ,  39). The round tube banks 
(16 and 17) su f fe r  from high pressure drop and high volume and consequently 
have very poor heart t r an s f e r  per un i t  volume per un i t  pressure drop. The 
Honeycomb matrix, 18, a l so  shows up poorly from t h e  standpoint of compactness, 
I ts pressure drop i s  second lowest but i t s  heat t r an s f e r  performance i s  not 
s ign i f i can t  compared with t he  p l a t e - f i n  designs. 
These r e s u l t s  indicate  t he  super io r i ty  of t he  p l a t e - f i n  ty-pe of matrix 
from t h e  standpoint of maximum heat t r an s f e r  per u n i t  volume, minimum weight, 
and probably minimum cost .  The benef i t  of turbulence promoters obtained by 
deforming t he  f i n s  (wavy) i s  evident. The penalty i s ,  of course, increased 
pressure drop but compactness i s  gained. 
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I t  was on t h e  b a s i s  of t h e s e  c a l c u l a t i o n s  t h a t  t h e  mat r ix  f o r  t h e  f i r s t  
e lectroformed model hea t  exchanger was s e l e c t e d ,  While mat r ix  12 i s  t h e  
most compact of t h e  group it has a  f a f r l y  h igh  number of f ins l inch-17 ,8 .  
It was f e l t  t h a t  f o r  t h e  f i r s t  e lectroformed model t h e  number of f i n s / inch  
ought not  t o  exceed about 10 t o  reduce t h e  e lec t roforming  problems and t o  
have a  des ign  which i s  s i m i l a r  t o  cu r r en t  automotive p r a c t i c e .  The model 
should however be of a p l a t e - f i n  des ign  w i t h  waviness i n  t h e  f i n s ,  i f  pos- 
s i b l e .  

